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Abstract 
This paper presents an experimental study on the behaviors and modes of failure of square thin-walled steel tubed RC 
columns subjected to concentrically axial load applied directly to the RC core. The main variables were the 
compressive strengths of the concrete, the wall thicknesses of the steel tube and the tie spacing. The dimensions of 
the column specimens were 150 mm wide and 750 mm long. A total of 36 specimens, including 24 tubed RC 
specimens and 12 RC specimens, were tested. It was found that the tubed RC columns have a linear elastic behavior 
up to approximately 60-70% of their axial compressive capacity. Then, the behavior of the columns is gradually 
nonlinear and can be classified into 3 types: strain hardening, elastic-perfectly plastic and strain-softening. The mode 
of failure of the columns is in progressive mode with very large axial deformability. The wall thickness of the steel 
tube and the compressive strength of concrete are the major factors, influencing the behaviors, axial compressive 
capacity and modes of failure of the columns. No full interaction and confinement between the RC core and the steel 
tube were observed and the EC4 design equations for the composite column significantly overestimate the axial 
compressive capacity of the tubed RC column. 
Keywords: tubed RC column, concrete-filled steel tube column, axial compression. 
1.      INTRODUCTION 
The concrete filled steel tube (CFT) column is a type of composite column and comprises the 
combination of concrete and steel. It has beneficial qualities of both materials and has the following 
advantages: (1) higher strength-to-weight ratio and higher rigidity than conventional reinforced concrete 
column, (2) high ductility and toughness for resisting a reversal loads, and (3) saving in material and 
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construction time (Saw and Liew 2000). Therefore, during the past decades, the CFT column, as an 
example shown in Figure 1.a, has gained acceptance for using in the high-rise buildings as an alternative 
to the reinforced concrete (RC) column or structural steel column. A number of researcher works have 
been performed on the column. Also, a number of design codes have been formulated. All design codes 
assume full interaction between the steel tube and the concrete core, but neglecting the effect of the 
confinement. 
Figure 1: Two different composite columns (a) CFT column and (b) Tubed column. 
In recent years, a new type of the composite column, called tubed column, as an example shown in 
Figure 1.b, has been increasingly used in the construction of buildings (Tomii et al. 1985; Xiao et al. 
2005). The term “tubed column” refers to the function of the tube as primarily transverse reinforcement 
for reinforced concrete columns and the composite action between the steel tube and concrete is expected 
only in the transverse direction. Thus, compared with the conventional CFT column, it is practically 
subjected to axially compressive load on the concrete core due to the connection between the beams and 
the tubed column. Parallel to the studies on the tubed column, the “tubed RC column”, where the core of 
column is the reinforced concrete, has also been studied. It has mainly used to strengthen the existing 
deficient RC columns. Tomii et al. (1985) investigated the tubed RC column concept as a method to 
prevent shear failure and to improve the ductility of short columns in RC frame structures. The 
experimental results indicate that the tubed RC column concept can provide excellent improve ductility. 
Priestley et al. (1994) studied on steel jacketing concept used to retrofit existing deficient square RC 
bridge columns for enhancing shear strength. The jacket was built by welding steel shells to encase the 
column to form a tubed RC column. According to the study, the concept can significantly enhance the 
shear strength of the column. 
In Thailand, the applications of the tubed RC column have been used mainly to the rehabilitation of the 
deficient reinforced concrete column in order to increase the strength and ductility of the RC column 
under typical dead loads, live loads and wind loads. However, due to the lack of information on the tubed 
column, the applications are still limited. This indicates an urgent need for further research in this area. 
This paper is intended to provide a portion of that need. The main objectives are twofold: first, to report 
the behaviors and modes of failure of the square thin-walled tubed RC columns subjected to 
concentrically axial load applied directly to the RC core and, second, to compare the obtained axial 
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compressive capacity with those of the reference RC columns and the values predicted by Eurocode 4 
(EC4) design equations. 
2. TEST SPECIMENS AND TEST SET-UP 
In this study, all square steel tubes were cold-formed carbon steel and seam welded by using machine 
welding and the concrete was the commercially ready-mixed concrete. A total of 36 specimens, including 
24 tubed RC specimens and 12 RC specimens, were tested. Two specimens were tested for each specimen 
number. The main variables were the cylindrical compressive strengths of the concrete ( cof c ), which are 
18, 25 and 32 MPa, the wall thicknesses of the steel tube (t), which are 3.5 and 4.5 mm and the tie spacing, 
which are 75 mm and 150 mm. A summary of the specimens is presented in Table 1, where B = outside 
width of the square steel tube, L = length of the specimen and is chosen to be 5 times of the width of steel 
tube to avoid the effect of end conditions, Atube, Ac, As and Ag are cross-sectional areas of the steel tube, 
the concrete, the main steel reinforcement and the specimen, respectively, fytube and fys are yielding 
strengths of the coupons cut from the steel tube and the steel reinforcement. Also, the relevant mechanical 
properties of the materials, tested according to ASTM standard, are given in Table 1. 
Table 1: Summary of the details of the column specimens used in this study. 
Figure 2 shows the cross-section of the column specimens. They were classified into 3 groups. The 
specimen numbers were designated as C(S)- cof c -t–s, where “C” or “S” represents the reference RC 
columns and the tubed RC columns, respectively. For example, the specimen number S-18-3.2-75 is the 
tubed RC column, having cof c = 18MPa, t = 3.2 mm and s = 75 mm. 
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
Figure 2: Cross-sections of the test specimens. 
Figure 3 shows a schematic view and the picture of the test setup. The axial compressive load was 
applied directly to the RC core through the bearing plates as shown in Figure 4(a), which is different from 
that of the CFT columns as shown in Figure 4(b). Two LVDTs were used to monitor overall axial 
shortening and to ensure a uniform compression was imposed on the test specimens. The specimens were 
loaded at a very slow rate such that local buckling of the steel tube wall could be carefully observed. The 
axial load, the axial shortening of the RC core, the local tube wall buckling, the axial compressive 
capacity and the modes of failure were recorded. 
Figure 3: A schematic view and the picture of the test setup.
Figure 4: Application of axial load for (a) tubed RC column and (b) typical CFT column. 
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3. EXPERIMENTAL RESULTS AND DISCUSSIONS 
3.1. Specimen Behaviors 
Figure 5 shows the axial load versus axial shortening for all RC and tubed RC specimens with axial 
shortening limited to 20 mm. It is equivalent to the averaged axial strain of the RC core of 0.0267 
mm/mm. It can be seen that the tubed RC specimens have a ductile-like behavior. Compared with the 
reference RC columns, they have high ultimate compressive strength and can axially deform considerably 
without a complete failure. Such a large axial deformation may be very useful in a building subjected to 
seismic load. The maximum axial load occurred within 20 mm axial shortening or the observed tube wall 
local buckling load is defined as the “axial compressive capacity” or Nc,exp of the column specimens and 
the corresponding strain is symbolized as İc,exp.
(a.) Column with 18 MPacof c  
(b.) Column with 25 MPacof c  
(c.) Column with 32 MPacof c  
Figure 5: Axial load versus axial shortening relationship of the RC and tubed RC columns. 
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From the Figure 5, it can be seen that the initial parts of the axial load versus axial shortening curves of 
the tubed RC columns are similar to those of the RC columns. This is due to the fact that, in this early 
stage, the lateral expansion of the RC core due to the Poisson’s effect is small and the steel tube has little 
restraining effect on the RC core. The tubed RC columns have a linear elastic behavior up to the ultimate 
compressive strength of the RC columns or approximately 60-70% of their Nc,exp load. After that, the 
curves are gradually becoming nonlinear due to the start of the yielding of the main steel reinforcements 
and the cracking of the concrete underneath the applied load. Thus, the lateral expansion of the RC core 
begins to increase rapidly and significantly greater than that of the steel tube. This produces the increasing 
of the lateral pressure at the steel tube wall-concrete interface, leading to the restraint of the RC core 
provided by the outer steel tube. Finally, the local tube wall buckling of the steel tube in the areas near the 
top and bottom ends of the columns was observed and the axial Nc,exp load is reached. The tubed RC 
column exhibited various nonlinear behaviors, depending mainly on the tube wall thickness and the 
concrete compressive strength and can be classified into three types: strain hardening, elastic-perfectly 
plastic and strain-softening as given in Table 2.
3.2. Modes of Failure 
Figure 6a shows a typical failure mode of the reference RC columns. It was found that the RC columns 
were failed in a brittle manner. Figure 7b and 7c show a typical failure mode of the tubed RC columns. At 
failure, the steel tubes had a significant outward local buckling in the area near the top and bottom ends. 
This indicates that the RC concrete core in these locations was contained by the steel tube, in turn 
providing large axial deformability to the RC core. 
Figure 6: Typical failure modes of RC column (a) and Tubed RC columns (b) and (c). 
3.3. Axial Compressive Capacity and the Corresponding Strain 
Table 2 shows the comparisons of the obtained axial compressive capacity (Nc,exp) and the 
corresponding strain (İc,exp) of the reference RC and tubed RC columns. It can be seen from the ratio of 
the axial compressive capacity of the tubed RC column to the ultimate compressive strength of the RC 
column (Nu,RC) or Nc,exp /Nu,RC ratio that the tubed RC columns with t = 3.2 mm and 4.5 mm have larger 
Nc,exp than the Nu,RC of the RC column by 1.24 to 1.60 times and 1.56 to 2.07 times, respectively, and have 
larger corresponding strainby 2.8 to 4.5 times and 6.7 to 9.0 times, respectively. With the increasing in 
the wall thickness, the axial compressive capacity and the corresponding strain increase. However, for a 
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givenultimate compressive strength of the concrete and the wall thickness of the steel tube with different 
tie spacing such as the specimen S-18-3.2-75andS-18-3.2-150 in group 2, the Nc,exp  Nu,RC ratio is 
approximately identical. This indicates that the tie spacing has no influence on the axial compressive 
capacity of the columns. 
Table 2: Comparison of the axial compressive capacity and strain and Comparison of the test results with EC4. 
3.4. Comparison with Eurocode 4 (EC4) 
EC4 is the most completed standard in composite construction (Saw and Liew, 2000). EC4 covers 
composite columns, including the CFT column with or without reinforcement. This code uses limit state 
concepts to obtain the required safety and serviceability by applying partial safety factor to load and 
material properties. Table 3 shows the comparison of the test results with EC4. The Nc,expNEC4 ratios of 
the reference RC column show the values larger than unity. However, these ratios of the tubed RC 
columns are significantly lower than 1.0, indicating that the EC4 equations can overestimate the axial 
compressive capacity of the tubed RC column by as much as 50%. This is mainly due to the fact that the 
tubed RC column is subjected to the axial load applied directly to the RC core as shown in Figure 4(a), 
which is different from the typical CFT column as shown in Figure 4(b). Therefore, the axial compressive 
capacity of the tubed RC column with this type of loading and thin-wall steel tube can not be predicted by 
using the EC4 equations and more development is needed. 
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4. CONCLUSIONS 
Based upon the results of this study, the following conclusions can be drawn: 
1. The tubed RC columns with thin walled steel tube have a linear elastic behavior up to the ultimate 
compressive strength of the RC columns or approximately 60-70% of their axial compressive capacity. 
Then, the behavior of the columns is gradually becoming nonlinear and can be classified into three types: 
strain hardening, elastic-perfectly plastic and strain-softening, depending mainly on the studied variables 
which are the wall thickness of the steel tube and the concrete compressive strength. Its encasing effect is 
more effective for the column with thicker wall thickness and with lower concrete compressive strength 
than those with thinner wall thickness and higher concrete compressive strength. The typical failure mode 
of the columns is progressive, having a high axial deformability. 
2. The tubed RC column concept can be used to provide additional transverse reinforcement in order to 
enhance the axial compressive capacity and significantly increase the axial deformability (ductility) of a 
new RC column or an existing RC column. However, the EC4 design equations overestimate the axial 
compressive capacity of the tubed RC column due to the difference in loading pattern on these columns 
compared to the typical CFT column. 
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